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a b s t r a c t
Sulfate-driven anaerobic oxidation of methane (SD-AOM) plays a critical role in regulating the global
methane budget. Determination of the diagnostic triple isotope exponent 33 θ (≡ ln33 α /ln34 α ) for SDAOM can help to identify and quantify microbial sulfate reduction via SD-AOM in the environment. The
history of Earth’s surface redox conditions can also be examined through the measurement of triple sulfur
isotope compositions in sedimentary rocks. Due to diﬃculties in both culturing anaerobic methanotrophs
and sampling pore-water sulfate in SD-AOM-dominated environments, however, the 33 θ values for the
processes of SD-AOM have not been constrained. We propose that a set of modern cold-seep associated
barite samples with low δ 18 O/δ 34 S values bear a record of residual pore-water sulfate during SDAOM, and therefore the triple sulfur isotope composition of these barites can be used to deduce 33 θ
values. We applied a 1-D diagenetic reaction–transport model to ﬁt 33 S and δ  34 S results from modern
cold seep barites collected from ﬁve sites in the Gulf of Mexico. Based on revealed negative correlations
(R 2 = 0.77) between 33 S and δ  34 S values we calculated an upper-limit 33 θ value of 0.5100 to 0.5112
(±0.0005) given a 1000 ln34 α value of −30h to −10h. This 33 θ value is distinctively lower than that of
organoclastic sulfate reduction (OSR) in marine environments where the diagnostic isotope fractionation
(1000 ln34 α ) is typically more negative than that of SD-AOM. In addition, cold seep barite data display
a negative 33 S–δ  34 S correlation whereas pore-water sulfates of all OSR-dominated settings show a
positive one. Therefore, the diagnostic triple-sulfur isotope exponent and associated negative 33 S–δ  34 S
correlation may allow for the identiﬁcation of SD-AOM in sedimentary records.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Microbial dissimilatory sulfate reduction coupled with anaerobic methane oxidation (AOM) or sulfate-driven AOM (SD-AOM) has
been identiﬁed as the main process consuming methane in subsurface seaﬂoor environments (e.g., Reeburgh, 2007; Egger et al.,
2018). Sulfate reduction rates in methane-seep sediments can be
several orders of magnitude higher than those measured in nonseep sediments (Aharon and Fu, 2000; Joye et al., 2004). The activity of SD-AOM signiﬁes chemosynthesis-dependent life (Campbell,
2006; Kaim et al., 2014), is relevant to greenhouse gas budgets in
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the geologic past (Olson et al., 2016), and is a major part of the
marine carbon cycle (e.g., Peckmann and Thiel, 2004; Zhou et al.,
2016). Today one of the most distinct geological features of SDAOM activity is extremely negative δ 13 C value in carbonate rock,
typically less than −30h (VPDB), (e.g., Peckmann and Thiel, 2004;
Feng et al., 2016). However, the δ 13 C of carbonates is controlled
by the mixing ratio of SD-AOM sourced CO23− and seawater DIC.

High seawater [CO23− ] and/or low seawater [SO24− ] that characterizes seawater through much of the Precambrian may have decreased the fraction of SD-AOM sourced CO23− , which would have
resulted in highly negative δ 13 C values preserved in marine carbonate records far less likely to form prior to the early Paleozoic
Era (Bristow and Grotzinger, 2013).
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It has been observed that coupled δ 18 O and δ 34 S values of
modern pore-water sulfate at different depths in marine sediment cores will bear a typical slope of >0.70 where microbial
dissimilatory sulfate reduction is dominated by organotrophic sulfate reduction (OSR) (Aharon and Fu, 2000; Antler et al., 2014).
Recently, studies of both modern and ancient environments associated with signiﬁcant SD-AOM have revealed a distinctively
lower δ 18 O–δ 34 S slope that ranges from 0.27–0.50 among coldseep barite and carbonate samples (in the form of carbonateassociated sulfate; Feng and Roberts, 2011; Antler et al., 2015;
Feng et al., 2016). This ﬁnding offers a potential proxy for SDAOM activity in geological history. However, the interpretation of
δ 18 O–δ 34 S slopes has important caveats. First, the δ 18 O–δ 34 S slope
is also dependent on the δ 18 O value of seawater and that of seawater sulfate (Turchyn et al., 2010; Feng et al., 2016; Antler et al.,
2017), which has likely changed through Earth history (Claypool et
al., 1980). Second, the slope could be altered if early or late-stage
diagenetic processes altered the δ 18 O of initially deposited sulfate
(Fichtner et al., 2017).
The relationship among triple sulfur isotope compositions (32 S,
33
S, 34 S) of sulfur-bearing compounds can be a diagnostic parameter for SD-AOM activity that is potentially more robust than interpretations solely based on δ 18 O–δ 34 S slopes. Pure cultures of
sulfate-reducing microbes with non-methane electron donors have
demonstrated a negative correlation between 1000 ln34 α and 33 θ
values, i.e. the 33 θ increases when the 1000 ln34 α becomes more
negative as the cell-speciﬁc sulfate reduction rate decreases (Sim
et al., 2011b; Leavitt et al., 2013). Here, 33 θ ≡ ln33 α /ln34 α , 3i α is
the diagnostic fractionation factor, deﬁned as 3i RH2 S /3i RSO2− , where
3i

4

R is the ratio of 3i S/32 S, and the superscript ‘3i’ refers to 33 or
34. This positive correlation was suggested to reﬂect a ﬁrst order
rate difference between sulfate uptake by the cell and sulfate leakage out of the cell during microbial dissimilatory sulfate reduction
(Wu and Farquhar, 2013). Since the 1000 ln34 α was shown to be
much negative during SD-AOM than during OSR processes in marine sediments (Aharon and Fu, 2003; Deusner et al., 2014), we
expect that the diagnostic 33 θ value for SD-AOM should consequently be smaller than that of typical OSR processes in marine
environments.
This perceived difference in minor sulfur isotope fractionation
between SD-AOM and OSR processes is expected to be manifested in their 33 S–δ  34 S trajectories of their residues or products. Here, 33 S values are the deviation of δ  33 S values from
a reference line deﬁned as 33 S ≡ δ  33 S − 0.515 ∗ δ  34 S, where
δ  3i S = ln(1 + δ 3i S), δ 3i S =3i R/3i Rref − 1, and 3i Rref is the abundance ratio of the 3i S and 32 S in the sulfur reference standard.
For example, according to a linear ﬁt of published 1000 ln34 α
and 33 θ values (cf. Ono et al., 2012) and the known 1000 ln34 α
range associated with SD-AOM processes, i.e., −40h to −10h
(Aharon and Fu, 2000; Deusner et al., 2014; Sivan et al., 2014),
the 33 θ value during SD-AOM could be lower than 0.5125. Therefore, the corresponding 33 S–δ  34 S relationship for SD-AOM dominated pore-water sulfate proﬁles would exhibit a negative correlation. We predict that such a trajectory could be distinct from the
positive 33 S–δ  34 S correlation reported for OSR-dominated porewater sulfate proﬁles (e.g. Strauss et al., 2012; Pellerin et al., 2015;
Masterson et al., 2018). If conﬁrmed, the 33 S–δ  34 S relationship
preserved in the sedimentary record is a potentially useful tool for
distinguishing different sulfate reduction pathways.
More speciﬁcity beyond our hypothesis of a different 33 S–δ  34 S
relationships for pore-water sulfate proﬁles between SD-AOM- and
OSR-dominated sediments is not available at this time. Culture experiments show that the 33 θ value has a wide range from 0.5079
to 0.5144 (e.g. Sim et al., 2011b; Leavitt et al., 2013). The activity
of respiratory enzymes, which is both electron-donor- and strainspeciﬁc, inﬂuences the degree of sulfur isotope fractionation or the

Fig. 1. Sampling locations in the Gulf of Mexico.

1000 ln34 α value (e.g. Sim et al., 2011b; Wing and Halevy, 2014;
Bradley et al., 2016). Therefore, our ﬁrst step, should be to calibrate the 33 S–δ  34 S relationship for a pore-water sulfate proﬁle
in a typical SD-AOM-dominated sedimentary setting in a modern
marine environment.
Due to high sulfate reduction rates in SD-AOM settings, porewater sulfate concentrations often rapidly decrease at shallow
depths (Aharon and Fu, 2000). Top-layers of a sediment cores can
easily be disturbed during coring, causing pore-water sulfate to be
contaminated by seawater sulfate. In addition, low sulfate concentrations often make it diﬃcult to collect enough pore-water sulfate
for triple sulfur isotope analysis. Fortunately, modern cold-seep
barite samples have been found to preserve the original isotope
signals of pore-water sulfate associated with SD-AOM activity, as
demonstrated by their lower δ 18 O–δ 34 S slopes (Feng and Roberts,
2011; Antler et al., 2015). The other important reason that we
sample natural SD-AOM systems is the diﬃculty in culturing anaerobic methanotrophs (e.g., Girguis et al., 2003). Therefore, to calibrate 33 θ and explore the 33 S–δ  34 S relationship associated with
SD-AOM processes, our approach is to measure triple sulfur isotope
compositions of modern seep barite samples and use a 1-D diagenetic reaction–transport model to ﬁt a set of 33 S and δ  34 S values
to deduce a diagnostic 33 θ value for SD-AOM dominated settings.
Using a 33 S–δ  34 S correlation instead of a δ  33 S–δ  34 S correlation
we can improve the data resolution because 33 S values have a
much higher analytical accuracy than any individual δ  33 S or δ  34 S
measurements.
2. Material and method
Barite samples from 5 different cold seep sites in the Gulf
of Mexico continental slope (Fig. 1) were collected using a variety of submersibles and remotely operated vehicles. The samples
were previously described (Feng and Roberts, 2011). Powdered
aliquots were dissolved in 1 mM HCl solution to remove water
leachable and acid leachable sulfates. BaSO4 was extracted from
the residues and further puriﬁed using a DDARP method (Bao,
2006). In brief, the residues after acid treatment were dissolved
by a mixed DTPA (a chelating reagent) and NaOH solution. The
obtained solution was ﬁltered through a 0.22 μm polycarbonate
ﬁlter and then acidiﬁed with 10 M HCl droplets to ∼pH = 2 to induce BaSO4 precipitation. Droplets of BaCl2 solution were added
to ensure full precipitation of SO24− as BaSO4 . The precipitated
BaSO4 was re-dissolved and re-precipitated via another round of
the DDARP method. After bathing in a 3 M NaOH solution at 90 ◦ C
for >40 h, the wash-cleaned and dried BaSO4 was measured for
its δ 18 O value at Louisiana State University (LSU) via CO gas gener-
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Table 1
Oxygen isotope and triple sulfur isotope compositions of cold seep barite samples
collected from sites of GC415, GC237, GB338, GB697 and MC709 in the Gulf of Mexico.
Samples
ID

δ 18 O
VSMOW

δ 34 S
VCDT

δ  34 S
VCDT

33 S
VCDT

GC415

B1
B2
B3
B4

25.0
25.1
19.1
16.9

75.7
73.6
52.9
45.0

73.0
71.0
51.6
44.0

−0.063
−0.010
−0.052
−0.052

GC237

B5
B6
B7
B8

9.6
8.4
13.9
11.8

28.3
24.2
38.5
32.6

27.9
23.9
37.8
32.1

0.019
0.047
−0.014
−0.006

GB338

B9
B10
B11
B12
B13

13.7
17.8
14.4
10.7
8.2

35.7
45.9
37.9
29.4
22.6

35.1
44.9
37.2
29.0
22.3

0.001
0.031

GB697

B14
B15

9.2
16.7

21.3
40.3

21.1
39.5

0.060
0.013

MC709

B16
B17

23.2
22.6

67.9
62.7

65.7
60.8

−0.001
−0.030

Sites

0.003

−0.009
−0.022

Fig. 2. The δ 18 O–δ 34 S values of seep barite from modern sediments at ﬁve sites in
the Gulf of Mexico. Analytical error is smaller than the sizes of the plotted symbols.
(For interpretation of the references to color in this ﬁgure, the reader is referred to
the web version of this article.)

ated by a Thermal Conversion Elemental Analyzer (TCEA) at 1430
◦ C coupled with an isotope-ratio mass spectrometer (MAT 253)
in continuous-ﬂow mode. For the analysis of triple sulfur isotope
compositions (i.e., δ 34 S and 33 S), ∼10 mg of the barite precipitates were reduced to sulﬁde using a Thode solution at ∼100 ◦ C
(Thode et al., 1961). The generated H2 S gas was carried by N2 gas
stream and bubbled into a zinc acetate solution that converted H2 S
gas to ZnS solid. ZnS was then reacted with AgNO3 to convert to
Ag2 S solid. Dried Ag2 S solids were reacted with F2 gas in a nickel
bomb at 250 ◦ C for >12 h to generate SF6 gas, which was puriﬁed via gas chromatography and analyzed on a MAT 253 in dual
inlet mode in the Stable Isotope Laboratory at McGill University
(see Crockford et al., 2016 for complete methods). Isotope compositions are reported in classical δ notations. The δ 18 O is relative to
Vienna Standard Mean Ocean Water (VSMOW), with an analytical
precision better than 0.3h. Triple sulfur isotope compositions are
reported related to Vienna Canyon Diablo Troilite (VCDT). The analytical errors for δ 34 S and 33 S are 0.3h and 0.01h respectively.
3. Results
Oxygen isotope and triple sulfur isotope compositions of barite
samples are listed in Table 1. Data points can be interpreted as two
distinct groups within δ 18 O–δ 34 S space, with samples bearing δ 34 S
values of less than 52.9h and a δ 18 O–δ 34 S slope of 0.38 ± 0.03
(with 95% conﬁdence interval, n = 13) denoted as “Barite 1” and
samples with δ 34 S values greater than 62.6h and a δ 18 O–δ 34 S
slope of 0.21 ± 0.04 (n = 4) denoted “Barite 2” (Fig. 2). For Barite
1, the 33 S correlates negatively with δ  34 S values (R 2 = 0.75, N =
13), however, the 4 data points of Barite 2 do not overlap with the
33 S– 34 S trend deﬁned by Barite 1 (Fig. 3).
4. Discussion
To establish a 33 S–δ  34 S relationship for a pore-water sulfate proﬁle in a typical SD-AOM-dominated modern sedimentary
setting, we ﬁrst demonstrate that the collected barite samples
from the ﬁve different sites in the Gulf of Mexico are a good
model-environment (Sect. 4.1). Next, we construct a model to ﬁt
observed 33 S–δ  34 S data (Sect. 4.2). A reaction–transport model
provides us a 33 θ value under certain assumptions (Sect. 4.3). Finally, derived 33 θ values and 33 S– 34 S relationships for an SD-

Fig. 3. The 33 S–δ  34 S values of seep barites from modern sediments at ﬁve sites in
the Gulf of Mexico. Analytical errors for δ  34 S values are smaller than the size of the
individual symbols. The black line indicates the linear ﬁt for samples of group Barite
1, which yields a 33 S–δ  34 S slope value of 0.00314 ± 0.00052. The area within the
dotted line corresponds to the 95% conﬁdence interval of this ﬁt.

AOM-dominated sedimentary proﬁle is then compared with those
of OSR-dominated ones (Sect. 4.4).
4.1. SD-AOM derived barite
Cold-seep barite collected from the ﬁve sites in the Gulf of Mexico captured the original isotope signals of pore-water sulfate in an
SD-AOM-dominated setting. This is evident from the isotopic trajectory of δ 18 O–δ 34 S trends within barite samples (Fig. 2). Both the
oxygen and sulfur isotope compositions of sulfate are affected by
kinetic isotope fractionations associated with individual enzymatic
reactions as well as material transport. Speciﬁcally, sulfate δ 18 O is
also inﬂuenced by equilibrium partitioning between intracellular
water and intermediate valence state sulfur species (e.g., Brunner
et al., 2005; Wortmann et al., 2007). The disparity in the behaviors
of sulfur and oxygen isotope fractionations has made it possible
to distinguish different electron donors by examining the slope
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of δ 18 O–δ 34 S trajectories for residual sulfate pools (Antler et al.,
2014, 2015; Feng et al., 2016). In OSR-dominated sediments, the
back ﬂux of intracellular intermediate valence state sulfur species
to sulfate is apparently larger than in other sulfate reduction processes, which has been suggested to be due to the limitation of
electron donors (e.g., Antler et al., 2013). Such conditions would
cause the residual sulfate δ 18 O value to increase faster than its
corresponding δ 34 S value and therefore lead to an apparent slope
or a δ 18 O/δ 34 S ratio greater than 0.7, as has been conﬁrmed
in marine sediments (e.g. Antler et al., 2014). Conversely, in SDAOM dominated environments, a higher rate of sulfate reduction
allows for a smaller back ﬂux of intracellular intermediate valence
state sulfur species and therefore leads to a lower δ 18 O/δ 34 S
ratio (0.24–0.5) in pore-water sulfate proﬁles (Brunner et al., 2005;
Antler et al., 2013). Therefore, the low δ 18 O–δ 34 S slopes (0.38 and
0.21) displayed in Fig. 2 are consistent with these cold-seep barites
being precipitated in an SD-AOM-dominated environment. The inference that this is indeed an SD-AOM-dominated environment is
also evident from observed δ 13 C values (as low as −46.4h) of the
seep carbonate minerals associated within the barite samples from
these sites (Feng and Roberts, 2011). The four data of group Barite
2, with δ 34 S > 62.6h and δ 18 O > 22.6h, have a shallower slope
(Fig. 2). This shift can be explained by two non-mutually exclusive
processes: 1) the residual sulfate δ 18 O was approaching an apparent oxygen isotope equilibrium value that is set by the seawater
δ 18 O value, while reversibility of the whole microbial S-cycling
processes did not change; and 2) the reversibility of the whole microbial S-cycling processes has changed to a different mode due to
low sulfate concentrations.
4.2. Application of a reaction–transport model
A realistic physical model is critical to correctly deduce diagnostic α values and therefore a 33 θ value of a triple sulfur isotope system. Due to the inevitable diffusion and advection mixing effects on sulfate isotope ratios in natural environments, a
reaction–transport model should be applied. A Rayleigh model
has previously been used to explain the observed linear correlations of δ 18 O and δ 34 S values in SD-AOM dominated environments
(Antler et al., 2015). However, studies (e.g., Aharon and Fu, 2003;
Druhan and Maher, 2017) have demonstrated that the diagnostic α
for the system would be underestimated when a Rayleigh model is
applied to ﬁt sulfate concentrations and isotope compositions in a
pore-water proﬁles.
Here, we developed a 1-D diagenetic reaction–transport model
to ﬁt the linear correlation of 33 S vs. δ  34 S to calculate the diagnostic α . Our model has a set of assumptions: 1) We regard
the data from the 5 different cold-seep sites as representative of
steady-state pore-water sulfate at different depths of one porewater proﬁle; 2) The 34 α and 33 α of SD-AOM processes are constant among samples in group Barite 1. Wing and Halevy (2014)
also suggested that the 1000 ln34 α value is only weakly sensitive
to external sulfate concentrations, and is insensitive to sulﬁde concentrations under high cell-speciﬁc sulfate reduction rates (csSRR);
3) The 1000 ln34 α values range from −30h to −10h more positive than in OSR-dominated sediments (Deusner et al., 2014); 4)
Both diffusion and advection play critical roles in mass transfer;
5) There is no isotope fractionation during sulfate diffusion within
pore waters (Wortmann and Chernyavsky, 2011); 6) Sulfate reduction rates in pore-waters is a ﬁrst-order reaction with respect
to sulfate concentration. In an earlier study (Berner, 1964), sulfate reduction is treated as a ﬁrst-order reaction with respect to
the content of “utilizable organic matter”. That is indeed the case
in typical marine sediments where “utilizable organic matter” is
limited. In the studied cold seep environments, however, the concentration of methane in subsurface sediments is high, thus, is

not the limiting component during sulfate-derived methane oxidation. This is supported by the observed widespread occurrence
of gas hydrates in the shallow subsurface (less than 6 m) of the
Gulf of Mexico (e.g., Sassen et al., 1999) and a measured low
δ 18 O/δ 34 S ratio in sulfate (Antler et al., 2015; Feng et al., 2016;
Antler and Pellerin, 2018). Therefore, in our studied cold-seep system, the rate of sulfate reduction is limited by sulfate concentration.
With these conditions, steady-state mass conservation for sulfate can be described by the equation below (Berner, 1964):

D

∂2C
∂C
−ω
− kC = 0
2
∂Z
∂Z

(1)

where D is the diffusion coeﬃcient of sulfate in the sediment
pore-water, C is the pore water sulfate concentration, Z is the
depth, k is the reaction rate constant of sulfate reduction; velocity of advection ω is a sum of the externally imposed ﬂow velocity
and the upward directed velocity caused by compaction. With the
boundary conditions of C = C 0 for Z = 0 and C = 0 for Z at inﬁnity, Eq. (1) can be solved as:


C = C0 E X P

√

ω − ω2 + 4Dk
2D


∗Z

(2)

Similarly, the concentrations of different sulfate isotopologues
(32 SO24− , 33 SO24− , and 34 SO24− ) can be calculated by Eq. (2). In δ 
notation, Eq. (2) can be reorganized as:

δ

 3i

S−δ

 3i


S0 =

1−



1−

1 + 3i α 32 kφ



1 + 32 kφ


− 1 ln f

(3)

where 3i α = 3i k/32 k, 3i = 33 or 34, Φ is equal to 4D /ω2 , δ  3i S0 is
the δ  3i S value at Z = 0, and f is the ratio of 32 C/32 C0 . Since the
isotope fractionation associated with sulfate diffusion is assumed
to be 1, 33 S values can be calculated by,



33 S − 33 S0
1 + 32 kφ − 1 + 33 α 32 kφ

=
− 0.515
δ  34 S − δ  34 S0
1 + 32 kφ − 1 + 34 α 32 kφ

(4)

where 33 S0 is the 33 S value at Z = 0. Eq. (4) shows that 33 S
values are linearly correlated with δ  34 S values, and the slope is
determined by α , k, and Φ .
We should note that the linear relationship between the 33 S
and δ  34 S values is deduced for sulfate from different depths at
one vertical pore-water proﬁle. However, our samples presented
here are from different sites. Therefore, the linear relationship between 33 S and δ  34 S values for these samples is not expected if
the 33 S0 , δ  34 S0 , α , k, and Φ differ greatly among these sites. For
example, different 33 S0 and δ  34 S0 values for these sites will result in parallel lines given the same α , k, and Φ , while different
α , k, and Φ values will lead to a poor linear correlation between
33 S and δ  34 S values given the same 33 S0 and δ  34 S0 . In contrast, our results (Fig. 3) show that barite samples from these 5
different sites form a good linear correlation between 33 S and
δ  34 S values, and the modern value of seawater sulfate plots along
the extension of the line deﬁning this linear correlation in Fig. 3
within errors. This result indicates that these different sites share
similar 33 S–δ  34 S slopes as well as 33 S0 and δ  34 S0 values (i.e.,
the isotope composition of seawater sulfate), which validates one
of our initial assumptions.
4.3.

33

θ value for SD-AOM processes

As shown in Eq. (4), the 33 S–δ  34 S is determined by α , k, D,
and ω . Therefore, 33 θ values can be constrained by the determined
33 S–δ  34 S slope if k, D, and ω can be constrained independently.
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Table 2
The 33 θmodeled value is predicted with a given 1000 ln34 α and ω value to best ﬁt the data of group Barite 1. The
33 S–δ  34 S slope (i.e. 33 S– 34 S) is reproduced by a given set of 1000 ln34 α , 33 θ and ω values. Distinctly high
33 S/ 34 S values reproduced with ω >0.6 m/yr are observed. The sensitivity test is based on the assumptions that
C0 and δ 34 S0 are 28 mM and 21h, respectively; D is 0.01 m2 /yr (Berner, 1978); and the reaction rate constant 32 k
is assumed to be 1 mol/m2 /yr (Aharon, 1991). The modeled 32 SO24− concentration proﬁle (sulfate consumed within
0.5 m below the seaﬂoor) is reasonable for cold-seep settings in the Gulf of Mexico (Aharon and Fu, 2000).

ω

1000 ln34 α = −10h

(m/yr)

33

θmodeled

33

1000 ln34 α = −20h
34

 S/δ S,

33

θmodeled

modeled with
33
θ = 0.51123
0
6 × 10−5
6 × 10−4
6 × 10−3
6 × 10−2
6 × 10−1
6

0.5112
0.5112
0.5112
0.5112
0.5112
0.5107
0.5106

−0.00314
−0.00314
−0.00314
−0.00314
−0.00309
−0.00258
−0.00252

33

1000 ln34 α = −30h
34

 S/δ S,

33

θmodeled

modeled with
33
θ = 0.51060
0.5106
0.5106
0.5106
0.5106
0.5105
0.5095
0.5093

−0.00314
−0.00314
−0.00314
−0.00314
−0.00303
−0.00200
−0.00188

33 S/δ 34 S,
modeled with
33
θ = 0.50996

0.5100
0.100
0.5100
0.5100
0.5098
0.5082
0.5081

−0.00314
−0.00314
−0.00314
−0.00314
−0.00298
−0.00143
−0.00124

While it is impossible to constrain k, D, and ω by our current
measurements, we found that a smaller ω requires a larger 33 θ to
reproduce the observed 33 S–δ  34 S slope (Table 2). In other words,
when ω = 0, i.e. without advection, Eq. (4) will give the upper 33 θ
limit of SD-AOM processes. We also found that this upper-limit 33 θ
value is near the real 33 θ value after we tested for ω values that
are smaller than 60 cm/yr, which is a reasonable advection rate
for cold-seep area (Lapham et al., 2008) (Table 2). Therefore, it is
reasonable to assume that ω = 0 when constraining 33 θ . At ω = 0,
the slope of 33 S/δ  34 S will be determined by:

√
33 α − 1
33 S − 33 S0
=√
− 0.515

34

34
34 α − 1
δ S − δ S0

(5)

Therefore, the 33 θ for SD-AOM can be obtained by the observed
slope of 33 S–δ  34 S at a given 34 α value.
Eq. (5) shows that 33 θ is dependent upon 34 α . The 1000 ln34 α
reported for microbial dissimilatory sulfate reduction has a broad
range and can be as low as −70h (e.g., Sim et al., 2011a).
Typically, 1000 ln34 α is more negative than −40h in an OSRdominated marine pore-water proﬁle (e.g., Claypool, 2004), and
more positive than −40h in an SD-AOM-dominated one (Aharon
and Fu, 2000; Deusner et al., 2014; Sivan et al., 2014). Numerous
studies have demonstrated that the expressed sulfur isotope fractionation associated with microbial dissimilatory sulfate reduction
decrease with an increasing csSRR and eventually the 1000 ln34 α
will reach a high, constant, value at −10h to −30h (e.g., Leavitt
et al., 2013; Deusner et al., 2014). Therefore, a value ranging from
−40h to −10h should be reasonable for 1000 ln34 α associated
with SD-AOM where sulfate reduction rates are relatively high, e.g.
600 times higher than in methane-limited sediments (Aharon and
Fu, 2000). However, if we consider 1000 ln34 α values at −40h
to −30h, Eq. (5) would give pairs of 33 θ and 1000 ln34 α values
that are outside of the 33 θ –1000 ln34 α ﬁeld obtained from culture experiments (Fig. 4) and outside of the prediction given by
a kinetic model (Wing and Halevy, 2014). Therefore, the range of
1000 ln34 α can be further constrained to be between −30h to
−10h for our Barite 1 samples. At these 34 α ranges, the 33 θ is
calculated to range from 0.5100 to 0.5112 (±0.0005) using group
Barite 1 data (Fig. 4).
The terminal electron acceptor (sulfate) concentration also plays
a role in determining the magnitude of sulfur isotope fractionation associated with SD-AOM (e.g., Habicht et al., 2005; Deusner
et al., 2014). This raises the question as to whether sulfate concentrations inﬂuence 33 θ values during SD-AOM. Wing and Halevy
(2014) suggested that moderate to high csSRR would lead to a less
negative 1000 ln34 α , which is only weakly sensitive to external
sulfate concentrations. The sulfate reduction rate is generally high

Fig. 4. Comparison of the 1000 ln34 α –33 θ relationships for published data from nonmethane based pure culture experiments (circles and squares, Sim et al., 2011b;
Leavitt et al., 2013) with that calculated for SD-AOM represented by our barite data
from ﬁve cold-seep sites in the Gulf of Mexico (solid line). The calculation was done
using the measured barite δ  34 S and 33 S data via Eq. (5). The error (2σ ) of the
calculated 33 θ value is 0.0005 for each given 1000 ln34 α , constrained by the Monte
Carlo method considering errors for the obtained 33 S–δ  34 S slope (Fig. 3). The
dash lines show that the calculated 33 θ value ranges from 0.5100 to 0.5112 when
the corresponding 1000 ln34 α value ranges from −30h to −10h.

in methane-rich environments. Therefore, both 1000 ln34 α and 33 θ
values should be insensitive to sulfate concentration changes during the formation of group Barite 1, which is supported by linear
33 S–δ  34 S and δ 18 O–δ 34 S correlations (Figs. 2 and 3). In contrast
to results from Barite 1, during the precipitation of group Barite
2 (δ 34 S > 62.7h), the corresponding sulfate concentration must
have been very low. In the absence of k and ω values, we could
not speculate on the sulfate concentration during the precipitation of group Barite 2. Here if ω is assumed to be 0, and C0 and
δ 34 S0 is assumed to be 28 mM and 21h respectively, the corresponding sulfate concentration would be at 1.8 mM to 6.8 μM for
a given 1000 ln34 α values of −30h to −10h (calculated with Eq.
(3)). Under such low sulfate concentrations, high internal sulﬁde
concentrations would increase the reversibility in the APS reduction step (Wing and Halevy, 2014). Consequently, diagnostic 33 θ
and 1000 ln34 α of SD-AOM would have changed, which can explain the deviation in the data plot of group Barite 2 from that of
group Barite 1 (Fig. 3). A high degree of reversibility in the APS
reduction step would lead δ 18 O values to reach an apparent equilibrium between sulfate and pore-waters, and a shallower slope
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Fig. 5. Comparison of 33 S–δ  34 S trajectories from various OSR-dominated porewater sulfate proﬁles (data collected from Strauss et al., 2012; Pellerin et al., 2015;
Masterson, 2016; Lin et al., 2017; Masterson et al., 2018) with that of cold-seep
barites from the Gulf of Mexico.

along a δ 18 O–δ 34 S trajectory as observed in Fig. 2. At low sulfate
concentrations, the isotope fractionations of SD-AOM are poorly
constrained in our model due to a limited availability of data.
Overall, the diagnostic 33 θ values (0.5100–0.5112) with 1000 ln34 α
values between −30h and −10h reﬂect high csSRR in the studied SD-AOM-dominated setting where sulfate concentrations are
likely to be much higher than 1.8 mM.
The observed apparent differences between 33 θ values or
33
θ –1000 ln34 α trajectories between SD-AOM and OSR processes
is most likely a manifestation of the difference in reversibility of a set of enzyme or non-enzyme-catalyzed reactions. Biochemical reversibility plays a critical role in sulfate reduction
(Wing and Halevy, 2014) and the reversibility is determined by
the electron transfer eﬃciency from electron donor to sulfate
reduction pathway. The typically high sulfate reduction rate associated with AOM indicates a high electron transfer eﬃciency
from methane to sulfate, which limits the reversibility of sulfate reduction reactions and results in less negative 1000 ln34 α
and smaller 33 θ values. If organic molecules (e.g. ethanol, lactate, glycerol) used in culture experiments (Sim et al., 2011b;
Leavitt et al., 2013), can also transfer their electrons to the sulfate
reduction pathway eﬃciently, similarly less negative 1000 ln34 α
and smaller 33 θ values would be achieved. This is a possible
reason why our obtained 33 θ –1000 ln34 α range associated with
SD-AOM overlaps with the 33 θ –1000 ln34 α range reported in culture experiments (Fig. 4). However, the organic matter in typical
marine sediments is quite recalcitrant and diﬃcult to be utilized
by sulfate-reducing bacteria (Berner, 1964), which limits the electron transfer eﬃciency. This is a possible reason as to why more
negative 1000 ln34 α values were observed for sulfate reduction in
typical marine sediments. Note that a high net sulfate reduction
rate does not necessarily correspond to a high electron transfer efﬁciency, e.g., as reported in organic rich sediments (Masterson et
al., 2018).
4.4. Dynamics of 33 S vs. δ  34 S in different marine settings
Currently, triple-sulfur isotope data associated with microbial
dissimilatory sulfate reduction in modern marine sediments are
limited. Our observed 33 S–δ  34 S correlation among the cold-seep
barite samples is negative. However, reported 33 S–δ  34 S correlations have typically been positive for pore-water sulfate proﬁles

in OSR-dominated environments (Fig. 5) (e.g., Strauss et al., 2012;
Pellerin et al., 2015; Masterson et al., 2018). The reason for these
positive correlations in OSR-dominated environments is further explored here. First, the 1000 ln34 α is more negative and 33 θ value
is higher in OSR-dominated settings. The typical 1000 ln34 α value
associated with OSR is usually more negative than −40h in marine sediments (e.g., Claypool, 2004) and the 33 θ value ranges
from 0.5125 to 0.5148 (e.g., Leavitt et al., 2013; Tostevin et al.,
2014). Such ranges of 33 θ and 1000 ln34 α values can only be
deﬁned through a positive 33 S–δ  34 S correlation according to
our reaction–transport model. Secondly, the reoxidative sulfur cycle coupled with disproportionation reactions can lead to higher
33 S– 34 S slope in pore-water sulfate proﬁles. When sulﬁde oxidation occurs following disproportionation, the 33 S–δ  34 S trajectory depends on the net sulfate removal rate instead of just the
OSR rate. Both the 33 θ and the degree of sulfur isotope fractionation of net sulfate removal increases with an increasing amount
of sulﬁde reoxidation (Pellerin et al., 2015). For these reasons, we
now have two contrasting 33 S–δ  34 S correlations for residual sulfate between SD-AOM- and OSR-dominated settings. Therefore, we
can potentially use triple sulfur isotope relationships (33 S– 34 S)
preserved in residual sulfate preserved in sedimentary rocks to
distinguish these two sulfate reduction environments. This fossil
residual sulfate can either be barite or carbonate-associated sulfate
preserved in carbonates.
Disseminated pyrite grains are more commonly preserved than
pore-water sulfate within sedimentary records. If barite samples
capture various stages of the sulfate reservoir in pore-waters from
SD-AOM settings and display a distinctly negative 33 S–δ  34 S correlation, the corresponding product HS− or H2 S could also display
a similar negative 33 S–δ  34 S correlation. A condition for this to
occur is to have suﬃcient Fe(II) in the system to react with the
reduced S as FeS and eventually as FeS2 . In an OSR-dominated
sediment, a positive 33 S– 34 S correlation for pore-water sulfate
proﬁles may not be preserved among disseminated pyrite grains
because pyrite grains tend to represent integrated signatures instead of a set of snap-shots of product HS− or H2 S in an SDAOM-dominated proﬁle. Further work on the triple sulfur isotope
composition of pyrite and H2 S in modern SD-AOM-dominated environments is needed before we can apply these new ﬁndings to
the sedimentary record.
5. Conclusion
Barite samples collected in ﬁve cold-seep sites in the Gulf of
Mexico represent various snapshots of residual sulfate in porewater, as evident from a low δ 18 O–δ 34 S slope (0.38) among these
samples. These cold-seep barites further exhibit a linear negative correlation in 33 S–δ  34 S space. Applying a reaction–transport
model, we obtained a diagnostic 33 θ value with the upper limit
ranging from 0.5100 to 0.5112 (±0.0005) assuming a 1000 ln 34 α
(sulﬁde–sulfate) value from −30h to −10h for SD-AOM in these
SD-AOM-dominated environments. This 33 θ value is lower than
that of typical OSR processes in marine environments where
1000 ln34 α is typically more negative than that of SD-AOM processes. Furthermore, barite samples from SD-AOM-dominated environments display a negative 33 S–δ  34 S correlation, which is in
direct contrast to the positive correlations commonly observed
for pore-water sulfate proﬁles from OSR-dominated settings. The
diagnostically low 33 θ parameter and the negative 33 S– 34 S correlation can be preserved in barite, carbonate associated sulfates,
and perhaps among disseminated pyrite grains in the sedimentary
record, providing potential for an independent marker for SD-AOM
throughout the past 2.4 billion years of Earth history.
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